or antiparallel to the magnetic field. The energies of the two kinds of electrons are igp,H above and below their energies in absence of an applied field, p, being a constant and g a variable factor depending upon the interaction of the unpaired electron with the rest of the system. Thus, an energy transition ofmagnitude hv = gp,H is possible within the system, as illustrated in the second step of Figure 1 . Clearly, absorption of radiation can take place at any frequency depending upon field strengths but high sensitivity is obtained at high field strengths and in practice the field strength and the frequency of the applied radiation are only limited by the problems of instrument design. Resonance absorption could obviously be detected by maintaining the field constant and varying frequency or by maintaining constant frequency and scanning the field. For various reasons, the latter is preferred and all commercial instruments are based on this principle. Frequencies ofthe order of 10 000 Mc/s and magnetic fields up to 5000 gauss are used. The area under the absorption curve is directly proportional to the concentration of free radicals. It turnsout that the value of g does not vary very much with the environment of the free radical so it is difficult to derive information about the nature of the radicals involved from the position of absorption in the e.s.r. spectrum as shifts in nuclear magnetic resonance spectra can give information about the environment of protons. The real source of information is the well-defined and characteristic hyperfine splitting which can occur.
If the unpaired electron finds itself in the environment of one atomic nucleus possessing spin, there will be interaction between their magnetic fields. In the case of a proton, which has a spin (/) of ±!, the spinswill be aligned, in the applied magnetic field, parallel or antiparallel to each other and the various energy Ievels may be represented as in the third step in Figure 1 . Since the nuclear spins remain unchanged during the electron spin resonance transition, only the energy transitions indicated are possible and two peakswill appear in the e.s.r. spectrum. This is described as hyperfine splitting. The magnitude of the splitting is obviously a direct measure of the interaction between electron and nucleus and can thus often give a great deal of information about the location of a free radical centre.
When an unpaired electron is equally coupled with a second proton, the energy Ievel diagram may be extended as illustrated in the fourth step in Figure 1 . Three transitions are now clearly possible, which are represented by three equally spaced spectral lines with intensities in the ratio 1: 2: 1. In general, for n equivalent protons the number oflines is 2nl + I with intensities proportional to the coefficients of the binomial expansion. Very much more complicated spectra arise when, for example, the nuclei are not all magnetically equivalent with respect to the unpaired electron or when different kinds of nuclei are involved. A typical e.s.r. absorption spectrum is illustrated in Figure 2a . It refers to the ·CH 2 0H radical obtained by irradiating methanol. Spectra are usually represented, however, in the form of the first derivative as in Figure 2b .
Ri a The problems of detecting and identifying radicals in chemical reactions are intemified by reason of their low concentration, which is a direct result of their high reactivity. Concentrations can be increased by increasing the lifetime of the radicals and it is for this reason that a great many e.s.r. investigations have been carried out on radicals immobilized or trapped in the solid phase. Radicals are most readily formed in such an environrnen t by high energy irradiation and indeed we can discern the birth of the modern interest in e.s.r. as being closely associated with the interest in the chemical effects of high energy radiation which developed rapidly after powerful sources of high energy radiation became available about 20 years ago. Part of this interest was strongly focused upon polymers and its relevance to the wider aspects of polymer degradationwas obvious since at that time a number of degradation reactions had been shown to proceed by free-radical mechanisms. Since that time to the present, e.s.r. spectroscopy has demonstrated clearly the kinds of radicals which are to be expected in degrading polymers.
Evidence from e.s.r. spectra of y-jrradiated polystyrene, for example,
gives support to the assumption that radicals with the structure A are involved in the photolysis and photo-oxidation of polystyrene 3 • Polystyrene irradiated at 77°K in vacuo gives a three-line spectrum, as in Figure 3 4 • 50 gauss Figure 3 . Electron spin resonance spectrum ofpolystyrene irradiated at 77°K and observed at 300 °K, after Florin, Wall and Brown4
Abraham and Whiffen5 believed it to be due to interaction of the unpaired electron in A with two of the four adjacent methylene protons. This was disputed by Tsvetkov, Molin and Voyevodskii6 who believed that the radical centre is on the benzene ring. The problern was resolved by Florin, Wall and Brown4, however, who demonstrated that neither deuterium substitution in the main chain nor substitution in the meta-and para-positions in the ring affect the spectrum but that ortho-substitution changes it completely ( Figure 4 ). The only possible explanation of these observations is that the radical has the structure A and that the three-line spectrum is the result of interaction of the unpaired electron with the two ortho-protons. This spectrum is maintained on warming the polystyrene to room temperature although over a prolonged period changes occur which suggest the development ofinteraction ofthe unpaired electrons with the chain protons 7 • The nature of these changes is not precisely understood but seems worthy of re-examination in the light of what is now known about the mechanisms of thermal and photo-degradation of polystyrene.
50 gauss The high-energy irradiation of polyethylene has been shown to result in three different radicalsS. A sextet spectrum, associated with a relatively stable radical, has been attributed to the alkyl radical, A more complicated spectrum, probably a septet of doublets, has been associated with the more stable allyl radical, Finally, a very stable radical with a singlet spectrum is believed to be polyenic
The alkyl radical predominates in polymer lightly irradiated ( < 1 Mrad) at low temperatures. vVith intermediate doses (10-100 Mrad) the allyl radical predominates while even higher doses give the polyene which is quite stable for long periods at room temperature. Grishina and Bakh9 claim that, at dosages greater than 6000 Mrad, cyclic polyenic structures become involved.
Theseobservationsare relevant to more conventional polymer degradation sturlies because they clearly indicate that under the influence of highenergy irradiation, polyethylene can be made to eliminate hydrogen from series of adjacent ethylene units to form a polyene structure in very much the same way as poly(vinyl chloride) eliminates hydrogen chloride. Indeed, the mechanism in polyethylene must be strictly analogaus to that proposed for poly(vinyl chloride)lO, the propagation steps ofthe chain process being, for poly(vinyl chloride) Cl Cl
It is interesting that hydrogen is believed to be similarly eliminated from the chain backhone ofpolystyrene by ultraviolet irradiationll, This kind of reaction, which was regarded as an almost exclusive property of poly(vinyl chloride) and related chlorine-containing and vinyl-ester polymers, is now seen to be typical of a wider range of vinyl polymers. This series, poly(vinyl chloride), polystyrene, polyethylene is interesting to speculate upon from the general point of view of polymer degradation.
A great deal of attention has been given to radicals derived from poly-(methyl methacrylate). Nevertheless, profound differences of opinion exist about the interpretation of their e.s.r. spectra and this system serves to illustrate the care which will have to be taken in the application of this technique to the clarification of polymer degradation mechanisms. Radicals produced at room temperature by a variety of methods, including y-ray, x-ray and u.v. irradiation and occluded during polymerization in gelled or precipitated polymers, give an identical nine-line spectrum 12-14 which is 40 gauss Figure 5 . Electron spin resonance spectrum of poly(methyl methacrylate) irradiated and observed at room temperature, after Kourim and Vacekl5 illustrated in Figure 515 . There has been general agreement that this is composed of overlapping five-and four-line spectra. The point in question is whether they arise from a single radical or from two different radicals. By comparison with the corresponding spectra of other methacrylatesi3, 16 and ofvarious deuterated poly(methyl methacrylates)15 it has been deduced that the two overlapping spectra are derived from the single radical, B.
The ester methyl protons are not involved but interaction of the five ß protons with the unpaired electron is limited by rotational restrictions so that interaction can occur with only either three or four thus leading to the composite nine-line spectrum. The balance of present opinion favours this theory rather than Bullock and Sutcliffe's suggestion 17 that while the five-line spectrum arises from the above alkyl radical, the four-line spectrum is due to the allyl radical CHa CHa
I I
CH2=C-CH-C-CH 2 ,.._,,.._,
I
COOCHa Ambiguities which might arise in the application of e.s.r. data of this kind to degradation mechanism problems become evident when the spectra obtained by irradiation at different temperatures are compared. The evidence is that irradiation at 77°K causes scission of the ester group so that the rather complicated spectrum is due to the radical ·COOCHa and perhaps ·CHa and ·CHQlS. As the temperature cf the sample is raised the spectrum gradually becomes converted to the nine-line spectrum obtained by irradiation at a higher temperature. It is also interesting that, even at the higher temperatures, monomer is required to be present for the proper resolution of the nine-line spectrumlB, 19. It seems, therefore, that while the nine-line spectrum of radical B will normally be detectable in degrading poly(methyl methacrylate) it must not be assumed that the initiation process is main-chain scission. Elimination of side chains is more likely, to be followed by a secondary decomposition process which results in the radical B.
With the development of the e.s.r. technique, and especially if 1ts sensitivity can be increased, work of this kind, carried out on polymers in the act of degrading under the influence of heat, visible and ultraviolet radiation and during oxidation, clearly has great potential in the clarification of degradation mechanisms. However, as I said in the conclusion ofmy lecturc in Prague two years ago, these modern analytical techniques \vill be most effective when they are so widely available that they can be used in combination with each other. Some recent sturlies on poly(vinyl chloride), in which e.s.r. and u.v. and visible spectroscopy have been applied in combination may be a signp03t for the future.
A number of laboratories have investigated this system. The fact that their conditions of irradiation and subsequent observation of e.s.r. spectra vary from one to another, places a limitation on the close comparison of their results. It is nevertheless possible to see how e~s.r. spectral evidence can contribute to a more complete understanding of the degradation of poly-(vinyl chloride). The changes which occur in the e.s.r. spectrum as the temperature of previously irradiated polymer is raised are highly significant. Ohnishi and his coworkers20 have obtained the series of spectra illustrated in Figure 6 .· The rather complicated spectrum (A) recorded at -196°C after irradiation at -196°C changes even on warming to -78°C (B). By subtracting (B) from (A) they have obtained a well-defined six-line spectrum and therefore suggest that the changes which occur in this temperature range are due to the disappearance ofthe radical, ,_,,-.CH2-CH-CH2.-..,_,· During storage at 20°C the spectrum changes progressively to a well-defined singlet while colour develops. Loy21 and Atchison22, on the other hand, have been more interested in the changes in radical concentration which .
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HCL Radicals
Minutes at 80 °C Figure 7 . Change in free-radical concentration and HCI produced with time at 80°C of poly(vinyl chloride) previously irradiated at 77°K, after Loy 2 1 occur at higher temperatures up to 80°C. They have shown firstly, as in Figure 7 , that the decay in the concentration of free radicals at 80°C runs closely parallel with the evolution of HCl and secondly, as in Figure 8 , that there are three distinct phases in the radical decay which can be attributed to three distinct types of radical. I t is also clear from Figure 8 that the amount of HCl produced per radical disappearing is characteristic of the radical. From this and other evidence, Loy has concluded that the rate of radical decay is a measure of the rate of initiation of the dehydrochlorination process and that the rate of evolution of HCl is a direct measure of the chain length in each case. From the data in Figure 8 he derived chain lengths of 26, 51 and 126 for the short, medium and long lived radicals, respectively. The development of colour, as well as the evolution of HCl, runsparallel with the change in radical concentration. Atchison22 has been able to show that the changes in the optical spectrurn, illustrated in Figure 9 , can be interpreted as a series of sharp peaks superimposed on a broad absorption band. The sharp peaks are clearly due to conjugated polyene sequences of various lengths and the magnitude of the broad band is closely related to the concentration of long lived radicals. While no firm conclusions about the
"'0 400 500 Wavelength, m~J 600 Figure 9 . Development of colour in poly(vinyl chloride) during storage at 30°C after irradiation at room temperature, after Atchison 22 . Numbers on curves denote hours at 30°C nature of the radicals involved or the precise mechanisms of these reactions are yet possible, these kinds of observations clearly illustrate the potential of e.s.r. in the polymer degradation field. In most work which has been reported in which e.s.r. spectral data have been correlated with reactions in polymers the radicals have been produced at or below normal temperatures by means ofhigh energy radiation and, as in the case of poly(vinyl chloride), it is the subsequent reactions of these radicals which have been studied. Although in many cases, and certainly in the case of poly(vinyl chloride), the overall characteristics of these reactions are similar to those which occur in thermal and photo-initiated degradations it is 'not at all certain that this is invariably so. Even in an apparently favourable case like poly(vinyl chloride) it is clear that important differences may exist between the mechanisms ofthe reactions brought about in these different ways. An immediate aim of e.s.r. spectroscopy in this field of study must, therefore, be to observe radicals during the course of thermally and photochemically induced degradation processes. There will be considerable experimental difficulty in carrying out degradation reactions at high temperature or under high light intensities within the spectrometer itself and simultaneously detecting relatively low radical concentrations, but if these problems can be overcomt. there is no doubt that vitally interesting information would be forthcoming. A great many of the conclusions which have been drawn about degradation processes from kinetic observations could be verified by direct identification of the radicals involved. I can probably best illustrate the kind of application I have in mind by devoting the remainder of this lecture to describing some recent work, the conclusions from which would be very much more convincing if they could be confirmed by e.s.r. data. This work concerns a comparison of the mechanisms of the thermal and photo-degradation of copolymers of methyl methacrylate and acrylonitrile23.
The thermal reaction was studied at 280°C and the photo reaction at 160°C. As in pure poly(methyl methacrylate) the reactions consist basically of the depolymerization or "unzipping" of the polymer molecule to give monomer as the main product. Unlike the reaction in poly(methyl methacrylate) however, there is a rapid decrease in the molecular weight of the residual polymer. The presence of the acrylonitrile modifies the reaction in a different way in each case.
At the higher temperature of the thermal reaction the volatile product consists of a mixture of the two monomers although the proportion of acrylonitrile is less than in the copolymer. This demonstrates that the depolymerization process can pass through acrylonitrile units. Contrary to expectations the rapid decrease in molecular weight is not the result of scission at the acrylonitrile units. Indeed, Figure 10 demonstrates that the rate of decrease of molecular weight is greater the lower the acrylonitrile content. The reaction in fact consists of random chain scission in the methyl methacrylate segments of the copolymer molecules to give radicals and this is followed by depolymerization which may pass through several acrylonitrile units before termination occurs, probably by interaction of pairs of radicals.
In the photo-reaction, on the other hand, the rate of bond scission, calculated from the decrease in molecular weight, increases with acrylonitrile content as illustrated in Figure 11 . By contrast with the thermal reaction acrylonitrile is not liberated in detectable amounts. Thus, the photoreaction consists of chain scission at or near the acrylonitrile units, followed by depolymerization to the next acrylonitrile unit. It is dear from F'igure 11 that while the rate of bond scission increases with acrylonitrile content it does not increase nearly in proportion. In addition, the numbers ofmonomer molecules produced per scission ofthe 410/1,40/1, 16/1 andS/1 copolymers are 1710,728,512 and256 respectively, whereas onewouldexpectmaximumvalues of 820, 80, 32 and 16 if the reaction consisted only of depolymerization to the next acrylonitrile unit after each chain scission. Bearing in mind that the polymer at 160° is in the form of a highly viscous liquid, these observations have been accounted for in the following way. Once the broken ends have depolymerized to acrylonitrile units, the resulting acrylonitrile terminated radicals are virtually trapped and the closer they are together, that is the richer the copolymer is in acrylontrile, the greater will be the probability that recombination of the broken ends will occur. Thus, in the 8/1 copolymer in particular the effect will be that few ofthe original scissions are permanent. In copolymers containing progressively less acrylonitrile, the effect of depolymerization will be to bring the radicals further from each other and thus to make the probability of recombination progressively less. These are the essential facts although there is a great deal of additional information in support of these mechanisms for the thermal and photoreactions.
I t is clear that if e.s.r. measurements could be made during these two degradation processes itis possible that they might supply the ultimate proof that these deductions, made principally on the basis of rate and molecularweight measurements, are correct or, alternatively, that they must be modified. In the thermal reaction, for example, one would expect to obtain an e.s.r. spectrum typical of the methyl methacrylate radical. It might be the nine-line spectrum already discussed and which is composed of overlapping four-and five-line spectra or possibly a simpler six-line spectrum due to the five ß protons becoming equivalent as a result of the greater mobility of the methyl and methylene groups in the relatively much less viscous polymer at the higher temperature of the thermal reaction. In either case, the spectrum would be expected to be fundamentally different from that obtained during the photo-initiated reaction which should reflect a higher concentration of acrylonitrile type radicals, This spectrum will probably be rather complicated. Ideally, interaction with the nitrogen atom should be expected to give three lines of equal intensity. These might be split into triplets by interactions with the methylene protons, each line of which might be further split into a doublet by interaction with the oc proton, giving 18 lines in all.
Ifthe experimental difficulties can be overcome suchthat e.s.r. spectroscopy can be applied to the solution ofproblems ofthis kind, then within the next few years, this technique could become one of the most vitally important in allowing rapid new advances to be made in our understanding of polymer degradation processes.
